Material balance has long been used in reservoir engineering practice as a simple yet powerful tool to determine the original gas in place (G). The conventional format of the gas material balance equation is the simple straight line plot of p/Z vs. cumulative gas production (G p ), which can be extrapolated to zero p/Z to obtain G. The graphical simplicity of this method makes it popular. The method was developed for a "volumetric" gas reservoir. It assumes a constant pore volume (PV) of gas and accounts for the energy of gas expansion, but it ignores other sources of energy, such as the effects of formation compressibility, residual fluids expansion and aquifer support. It also does not include other sources of gas storage, such as connected reservoirs or adsorption in coal/shale. In the past, researchers have introduced modified gas material balance equations to account for these other sources of energy. However, the simplicity of the p/Z straight line is lost in the resulting complexity of these equations.
Introduction
It has been of great interest to find G by using material balance. The conventional gas material balance equation was developed for a "volumetric" gas reservoir. Therefore, the p/Z vs. cumulative gas production plot may give misleading results in some situations [e.g., when the formation compressibility is of the same order of magnitude as gas compressibility (overpressured reservoirs) or where desorption plays a role (coalbed methane/shale)]. Fig. 1 shows p/Z vs. G p for several scenarios with the same G. It can be seen from this figure that except for the volumetric reservoir, the plot is not a straight line because gas expansion is not the only drive mechanism. In fact, water encroachment in water-drive reservoirs, formation and residual fluid expansion in overpressured reservoirs and gas desorption in coalbed methane (CBM) or shale reservoirs can have a significant role as a driving force in these cases. In these situations, where the gas expansion is not the dominant driving force, modified material balance equations have been developed by several researchers. Among them, Ramagost and Farshad (1) modified the conventional material balance equation to account for PV shrinkage caused by formation and residual fluid expansion and introduced a new plotting function that keeps the material balance as a straight line. Therefore, the modified material balance equation can be used for overpressured reservoirs. Later, Rahman et al. (2) introduced a rigorous form of material balance equation that considers the effect of the formation and residual fluid expansion.
The attempt to find a material balance equation for unconventional gas reservoirs started when these resources became more popular. Jensen and Smith (3) proposed a simplified material balance equation for unconventional gas reservoirs by assuming that the stored free gas is negligible and consequently omitted the effect of water saturation completely. However, King (4) derived a comprehensive material balance equation for unconventional gas reservoirs that accounts for the free and adsorbed gas, water encroachment/production and water and formation compressibility. Seidle (5) suggested that the water saturation change does not have a significant effect on material balance and substituted constant water saturation in King's material balance.
This study presents an advanced, rigorous gas material balance equation and its plotting function that unifies all the previously mentioned modifications in one equation. The new gas material balance equation has the same format as traditional material balance and can be plotted as a straight line with p i /Z i as y-intercept and G as x-intercept. A significant advantage of this material balance equation is that it can be used to define the total compressibility of the system; therefore, the pseudotime calculated with this total compressibility honours material balance in all situations.
Volumetric Reservoir
The conventional gas material balance was derived based on the fact that the remaining gas in the reservoir at any pressure expands to fill the reservoir volume, which was initially occupied by G at the initial pressure [ Fig. 2(a) ]. In other words, the reservoir volume occupied by gas stays constant. In this situation, gas compressibility is the only production mechanism. where B gi is initial gas formation volume factor, B g is gas formation volume factor at pressure p, G is original-gas-in-place and G p is cumulative gas produced. Substituting for B g from the real gas law, at constant temperature, results in: The previously described equation is the well-known conventional gas material balance equation.
Generalized Equation
In this paper, we derive the advanced gas material equation to account for water encroachment in waterdrive reservoirs, expansion of formation and of residual liquids in overpressured reservoirs and gas desorption in CBM and shale gas reservoirs in the same simple format of Equation (2) . However, the modification needs to be started from Equation (1) . Each of the previously mentioned effects can be added to the right side of Equation (1) as a volume change term. The explanation of each of the volume change terms is provided in the following sections.
Water Influx and Production. In a waterdrive reservoir, the aquifer provides pressure support for the reservoir by encroachment of water into the gas reservoir. The encroached water (W e ) decreases the PV available for the remaining gas [ Fig. 2(b) ]. The reservoir volume changes because the net encroached water (DV wip ) can be calculated from (6) : (4) where W e is the water encroachment into the gas reservoir, W p is water produced at surface and B w is the water formation volume factor (5.615 is a constant used only in oilfield units).
The encroached water may be determined by using the aquifer models in the literature, such as Schilthuis (steady state) (6) , Fetkovich (pseudosteady state) (7) , Carter and Tracy (8) and Van Everdingen and Hurst (unsteady-state) (9) . Each of these has its own assumptions and applications.
Overpressured Reservoir. Formation and residual fluid compressibility are usually small in comparison with gas compressibility. Therefore, in general, ignoring the formation and the residual fluid expansion does not affect the gas material balance significantly. However, at high pressures the gas compressibility is of the same order of magnitude as that of the formation and residual liquids. and residual fluid expansion play a significant role, while the second slope (steep) reflects the region where gas expansion is the dominant production mechanism (1) . Ramagost and Farshad (1) considered the effect of formation and residual fluid expansion by a volume change equal to
Later, Rahman et al. (2) introduced a rigorous form of this volume change by integrating the compressibility equation for any substance in the reservoir. The total effect of formation and the residual fluids compressibility can be added together as (2) :
c dp wi c dp oi c dp
When matrix shrinkage occurs during CBM production, the (fracture) porosity containing the free gas increases. In that situation, c f has a negative value and is a complex function of pressure.
If c f , c w and c o are constant values, a simplified form of Equation (5) can be written as: The approximate form of Equation (6) can be found considering e x ≈1+x as: (7) Equation (7) is the format used by Ramagost and Farshad(1). Because of its simplicity, it is also the format that is used in this paper, but for a more rigorous calculation, DV ep from Equation (5) should be used. The effect of formation and residual liquids expansions, DV ep , is depicted in Fig. 2 
(c).
CBM/Shale Gas Desorption. The gas storage mechanism in a CBM (or shale gas) reservoir is unlike that of a conventional gas reservoir. In a typical gas reservoir, gas is stored in the pores by compression. In a CBM/shale reservoir, in addition to the free gas (G f ) stored in the fracture network, gas is stored within the coal/ shale matrix by adsorption. As the reservoir pressure is reduced, gas is desorbed from the surface of the matrix. The amount of gas stored by adsorption can exceed the gas stored by compression. Desorption of gas is commonly described by the Langmuir Isotherm as specific gas content
V L is the Langmuir volume parameter and p L is the Langmuir pressure parameter. Specific gas content is the volume of gas per unit mass of coal. Therefore, the total amount of gas adsorbed can be calculated from:
where r B and V B are the density and volume of the coal, respectively, and V L is on a "dry, ash-free" basis. The material balance equation is based on the reservoir volume that the free gas occupies at the initial pressure. For CBM, this is equal to G f B gi . In a conventional gas reservoir, G=G f , but for a CBM reservoir, the total G includes the G f and the adsorbed gas (G a ). The red-dashed box in Fig. 2(d) shows the volume of "desorbed" gas at reservoir pressure p, which is added to the "free" gas. The desorbed gas volume, which needs to be added to the right side of Equation (1), can be calculated from (for S gi >0): 
Advanced Material Balance Equation
The advanced material balance equation, with consideration of water encroachment/production, formation and residual fluids expansions and gas desorption, can be derived by substituting DV wip , DV ep , and DV d from Equations (4), (7) and (8) into Equation (3): 
Plotting Function of Advanced Gas Material Balance
Equation (10) is an easy formulation for a general material balance equation and can be plotted as (p/Z)(S gi -c wip -c ep -c d ) vs. G p to give a straight line. However, it is derived based on the PV of the free gas. Therefore, the straight line crosses the abscissa at G f (free gas volume), not G. This is an inconvenience, and is a disadvantage of this plotting format (see Fig. 3 ) when compared to the conventional material balance (Fig. 1) , where the abscissa is G. It is worth mentioning that G can be found easily if G f is known,
Note also that Equation (10) must be solved iteratively in the case of water encroachment/production because G f appears in the c wip term.
In his work explaining CBM material balance, King (4) introduced Z* as:
and reformatted Equation (1) This equation has the same format as the conventional gas material balance equation, and can be plotted as a straight line of p/Z* vs. G p , which extrapolates to G, as can be seen in Fig. 4 . This format has a clear advantage over that of Fig. 3 in that it extrapolates to the greater practical value of G rather than G f . Whereas this format is theoretically applicable to gas reservoirs other than CBM, the fact that the p/Z* values bear little resemblance to the conventional p/Z values detracts from its utility.
In an effort to generalize the gas material balance equation for all reservoirs (conventional, overpressured and CBM/shale), we have developed a Z** variable to replace King's Z* and have rewritten the gas material balance equation, Equation (10) Also, Z** is related to King's Z* by the following relationship:
Equation (12) is the general material balance equation for all gas reservoirs (conventional, overpressured and CBM/shale). When plotted as p/Z** vs. G p it yields a straight line, which, similar to the conventional p/Z plot, starts from the conventional p i /Z i and extrapolates to G.
Analysis Procedure
To interpret field data, when multiple drive mechanisms exist it is good engineering practice to select for modification the most important of these mechanisms and to specify constant values of the other mechanisms.
In the following example, the rock compressibility was specified as constant and except for gas expansion, waterdrive is considered to be the important mechanism to be accounted for. A sample procedure is presented:
1. 
5. Plot p/Z** vs. G p (Fig. 6) . (Fig. 7) .
Drive Indices
Drive indices were defined to indicate the relative contribution of different drive mechanisms in oil recovery (9) . The same concept can also be applied for gas reservoirs (10) . The drive indices are defined relative to the produced gas volume: Desorption drive index can be added to the previously mentioned indices as:
Gas (Compressibility) Drive Index
Theoretically, the sum of the drive indices should equal 1. This is identical to G p B g =DV G +DV wip +DV ep +DV d , as is shown schematically in the right side of Fig. 2(e) .
The variables c wip , c ep and c d defined in Equation (10) are related to the drive indices. The denominator in those variables is the reservoir PV, whereas the denominator in the drive indices is the produced gas volume at pressure p, G p B g .
It is worth noting that in a conventional gas reservoir, the gas compressibility drive, GDI, is the dominant drive mechanism, whereas in an unconventional gas reservoir such as a CBM or shale gas reservoir, GDI can be fairly small (or even negligible) in comparison with the desorption drive index, DDI.
Total Compressibility and Pseudotime
In fluid-flow and pressure transient analysis of gas reservoirs, pseudovariables (pseudotime and pseudopressure) are used to linearize the diffusivity equation. Pseudotime is defined as:
where m is the viscosity of the gas and c t is the total compressibility of the system. The conventional definition of c t is (11) :
The problem with the traditional definition of the total compressibility is that it does not always honour the material balance equation. Therefore, the computed pseudotime may contain a considerable error. Rahman et al. (12) introduced a rigorous pseudotime definition, which is defined by manipulating the material balance equation. Their major assumption is that gas was the only mobile phase in a conventional gas reservoir. In this paper, a more generalized form of the gas material balance equation is used, which considers water production and is not limited to conventional gas reservoirs. Therefore, it can be used for waterdrive and also unconventional gas reservoirs (e.g., CBM/shale gas reservoirs). The detailed derivation of this pseudotime is given in the Appendix. The total compressibility is defined as: Table 1 .
Conclusions
An advanced gas material balance equation has been presented and the corresponding plotting function introduced; therefore, the material balance equation can be plotted as a straight line with p i /Z i as y-intercept and G as x-intercept. The similarity of the recommended plotting procedure, p i /Z ** vs. G p , to the more commonly used p/Z format is a great practical advantage. It allows the use of a rigorous material balance formulation for complex and unconventional gas reservoirs, while retaining the simplicity and familiarity of the commonly used p/Z format. The advanced gas material balance equation is used to derive a rigorous definition for total compressibility that can be used for analyzing fluid-flow in unconventional gas reservoirs, or when gas is not the only mobile phase. 
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